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Abstract
In this study, iron(III) oxide with different sizes and morphologies were synthesized, characterized, and compared for their 
photocatalytic efficiency in the reduction of bicarbonate to formic acid. The four different Fe2O3 species selected for com-
parison were micron- and nano-particulate Fe2O3, goethite (α-FeOOH), and Fe2O3 wires. Within the set of four morpholo-
gies, we found that Fe2O3 wires possessed a significantly greater surface area. Consequently, this high-surface area wire 
morphology yielded the highest apparent quantum efficiency (AQE) of 5.59 ± 0.2%. When the photocatalytic efficiency of 
Fe2O3 was compared to commercial P25 TiO2, it was found that the AQE of Fe2O3 wires was three times greater than P25 
TiO2. This work presents the first study of Fe2O3 structures in the photo-reduction of bicarbonate to formate, yielding ultra-
high photon conversion efficiency to a value-added product.
Graphical Abstract
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1  Introduction

An important area of research for achieving carbon dioxide 
stabilization targets of 450 ppm or lower, which has gained 
prominence in light of the Paris Agreement, is the develop-
ment of negative emission technologies (NETs) [1]. Natu-
ral carbon dioxide removal (CDR) sinks such as oceans 
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feature prominently toward atmospheric stabilization and 
have been estimated to uptake annually and store petagram 
quantities of CO2 (Pg C). However, studies have shown 
that on decadal time scales, the ocean may become a less 
efficient sink for constantly increasing anthropogenic CO2 
[2]. To address such concerns by employing NETs toward 
the higher concentration of aqueous CO2 in the form of 
bicarbonate relative to atmospheric carbon dioxide, the 
CDR strategy shifts from sequestration to CO2 utilization. 
Toward this goal, only solar energy possesses a driving 
force with comparable magnitude on the order of diurnal 
terawatts (Tw) to reduce CO2 and ultimately harness this 
greenhouse gas for renewable energy, i.e. solar fuels and 
chemical feedstocks [3].

One potential strategy towards generating renewable 
fuels employs solar energy to directly reduce atmospheric 
or locally produced CO2 to liquid fuels. This approach, 
referred to as “chemical carbon mitigation” can lead to 
methanol as an end product, a high-octane fuel. The con-
cept of the “methanol economy”, championed by Chemis-
try Nobel laureate George Olah, highlights methanol as an 
alternative to hydrogen as a renewable and readily trans-
portable fuel [4]. An important component to the methanol 
economy comprises the solar-driven conversion of carbon 
dioxide to formic acid and ultimately to methanol [5, 6]. 
Methanol, a C1 solar fuel, has higher energy density than 
compressed hydrogen (Fig. 1), and can therefore store more 
energy.

Since the discovery of light-induced water splitting with 
a TiO2 photoanode in 1972 by Fujishima and Honda [7], 

and the first report of CO2 reduction to organic compounds 
by Inoue et al. in 1979 [8], metal oxides have attracted con-
siderable attention as photocatalyst for water splitting and 
CO2 reduction. TiO2 remains the benchmark semiconductor 
photocatalyst owing to its abundance, low cost, high reactiv-
ity, non-toxicity and stability. Though TiO2 has been studied 
extensively, it is a wide band gap photocatalyst (3.2 eV) that 
absorbs primarily in the UV region, this region accounts for 
only 4% of the solar spectrum. However, a similar semicon-
ductor such as iron oxide is one of the naturally occurring 
semiconductors commonly found in soils and sediments 
[9], is abundant, and non-toxic. Iron oxides have different 
crystalline structures, including wüstite (FeO), hematite 
(α-Fe2O3), maghemite (ν-Fe2O3), magnetite (Fe3O4), and 
goethite (α-FeOOH) [10]. Hematite (α-Fe2O3), an n-type 
semiconductor, is the most stable form of iron oxide under 
ambient conditions [11], and has many applications in water 
spitting [12], catalysis [13], gas sensing [14], and solar cells 
[15].

Iron oxides are transition metal oxides with band gaps 
(2.1 eV for α-FeOOH [16] and 2.2 eV for α-Fe2O3 [17]) 
that can absorb light up to 600 nm [9]. Such features make 
them promising candidates for visible-light photocatalysts. 
α-Fe2O3 is naturally abundant, highly stable, inexpensive, 
resistant to photocorrosion, and environmentally friendly 
[18–21]. However, Fe2O3 has short hole diffusion lengths 
of 2–4 nm [22, 23], causing photogenerated electrons and 
holes to recombine too rapidly. By fabricating nanostruc-
tures such as rods, plates, wires, and cubes, recombination 
can be delayed, therefore enhancing photocatalytic activity 

Fig. 1   Energy density of 
various fuels as compared to 
compressed hydrogen [4]
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[24]. The structures and sizes of this semiconductor can 
impact its catalytic performance. For example, one-dimen-
sional (1D) nanofibers have high aspect ratios and large 
surface areas that provide many active sites. These nanofib-
ers are derived by the accumulation of many nanoparticles, 
which allow photo-induced charge carriers to move easily 
through grain boundaries, leading to prolonged separation 
of the electron/hole pair and increased photocatalytic effi-
ciency [11].

Previous applications of Fe2O3 include a number of 
examples in catalysis such as photoelectrochemical 
materials [12, 25–27], photocatalyst for dye degradation 
[28–32], CO2 reduction to CO [33], and water splitting 
[19]. In this study, we synthesized different sizes and 
morphologies of Fe2O3 for the photocatalytic bicarbonate 
reduction to formate. We demonstrate the high quantum 
efficiency of these species by comparing it to commercial 
P25 TiO2, and showing that the AQE of Fe2O3 wires is 
three times more than TiO2. In addition, glycerol is high-
lighted as a green solvent that readily functions in the 
capacity of a hole scavenger to react with photogenerated 
holes, boosting semiconductor efficiency. By combining 
variations in Fe2O3 morphology along with the effect of a 
reactive hole scavenger, iron oxide is engineered for high 
photocatalytic performance in the reduction of bicarbo-
nate to formate.

2 � Experimental

2.1 � Materials

Micron- and nano-particulate Fe2O3, goethite, FeCl3, 
FeCl3·6H2O, nitrilotriacetic acid (NTA) were purchased 
from Sigma-Aldrich. Isopropanol, NaOH, and urea were 
purchased from Fisher.

2.1.1 � Synthesis of Fe2O3 Nanowires [27]

The Fe2O3 nanowires were synthesized via a hydrother-
mal method. Precursors were prepared in the first step in 
an autoclave. In a typical synthesis, 1.05 mmol FeCl3 was 
dissolved in 7 mL distilled water and 7 mL isopropanol to 
form a solution. 3 mmol NTA was then added. After thor-
ough stirring, the mixture was transferred into a Teflon lined 
autoclave and hydrothermally treated at 180 °C for 24 h. The 
resultant white floccules were washed with deionized water 
and absolute ethanol, and dried at 60 °C in a vacuum oven. 
Finally, the precursors were sintered at 500 °C for 2 h to 
obtain Fe2O3 nanowires.

2.2 � Semiconductor Characterization

2.2.1 � Size, Crystal Structure, and Surface Area 
Determination

Crystal structure information was obtained using an X’Pert 
Pro X-ray diffraction (XRD) instrument. BET surface area 
measurements were performed on a Micromeritics ASAP 
2020 Surface Area and Porosity Analyzer, and scanning 
electron microscopy (SEM) was performed using a Hitachi 
S-4100 scanning electron microscope.

2.2.2 � Diffuse Reflectance Spectroscopy (DRS)

The dry Fe2O3 powders were analyzed by a Thermo Sci-
entific Evolution 260 Bio UV–Vis spectrophotometer with 
an integrated sphere in order to obtain its band gap. To pre-
pare the sample, 5% of Cu2O and 95% KBr pellets were 
mixed and ground using a mortar and pestle. Wavelengths 
were scanned from 800 to 200 nm. The resulting absorbance 
spectra were treated to a Kubelka–Munk function plotted 
against the energy of the incident light to obtain band gap 
information.

2.2.3 � Cyclic Voltammetry

In order to place the band gaps obtained via DRS on an 
absolute energy scale, cyclic voltammetry was performed 
using a EDAQ ET014 Echem Electrode kit with an Ag/AgCl 
reference electrode, platinum wire counter electrode, and 
a glassy carbon working electrode. The voltage was swept 
from − 1000 to 1000 mV at a rate of 100 mV/s. The electro-
lyte used was 0.1 M tetraethylammonium tetrafluoroborate 
(TBABF4) solution in dry acetonitrile. The procedure for 
CV was adapted from Fang et al. [34]. For powder samples, 
suspensions were made of 1 mg/mL in ethanol and sonicated 
for 1 h to ensure suspension. After sonication, 60 µL of 5% 
Nafion solution was added to the suspension, and 4.5 µL 
of the resulting solution was pipette onto a glassy carbon 
electrode (GCE) and allowed to dry. Several applications 
of the solution were required to ensure full coverage of the 
GCE surface [35].

2.2.4 � Ion Chromatography

Ion chromatography was performed on a Dionex AS50 IC 
with a Dionex IonPac ICE-AS6 ion exclusion column and a 
Thermo Scientific Dionex AMMS-ICE 300 suppressor. The 
IC instrument is equipped with a Dionex CD25 conductiv-
ity detector. Reagents used were 0.4 mM heptafluorobutyric 
acid as the eluent at a flow rate of 1.2 mL/min and 5 mM 
tetrabutylammonium hydroxide as the regenerant.
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2.2.5 � Photo‑experiments

Reaction matrix: a buffer made of 0.3 M NaHCO3, 2 M 
hole scavenger (2-propanol or glycerol), and Milli-Q water. 
Fe2O3 catalysts were added at a concentration of 0.1 mg/
mL. The matrix was transferred in a quartz tube, sealed, 
and placed under an ABET Technologies SunLite™ solar 
simulator with AM 1.5 filter for 8 h. The light source was 
a 1000 W xenon arc lamp with an output of 1000 W/m2, 
the equivalent of 1 sun [3]. Aliquots were collected at 2-h 
increments, and formate concentration was quantified by ion 
chromatography.

2.2.6 � Apparent Quantum Efficiency (AQE)

Using an Ophir Photonics Nova II laser energy meter, the 
energy output of the solar simulator was measured. This 
power measurement was converted to moles of photons per 
second. This photon flux was then used to calculate the AQE 
of the catalyst using Eqs. (1) and (2).

3 � Results and Discussion

Fe2O3 has the advantage of a smaller band gap which 
allows for visible light absorption (Table 1). The crystal 
structures of the Fe2O3 samples were analyzed by XRD 
(Supplementary Information S1). Peaks for α-FeOOH are 
indexed to orthorhombic phase of goethite (with lattice 
constants a = 0.4596, b = 0.9957, and c = 0.3021 nm). For 

(1)

n mol photons ×
1 mol e−

mol photons
×
mol formate

2 mol e−
= theoretical

(2)
Actual mol formate

Theoretical mol formate
× 100 = %AQE

Table 1   Comparison of valence band (VB), conduction band (CB), 
and band gap of TiO2 and Fe2O3

a Experimental values were determined by cyclic voltammetry

TiO2 Fe2O3

Literature Literature [36] Experimentala

VB 3.38 2.9 2.0
CB 0.15 0.58 0.31
Band gap 3.23 2.32 2.31

Fig. 2   SEM image of micron- and nano-particulate Fe2O3 (top), goethite and Fe2O3 wires (bottom)
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Fe2O3 micron and wires the XRD peaks are indexed to a 
rhombohedral phase (with lattice constants a = 0.5035 and 
c = 1.3740 nm). Nano-particulate Fe2O3 has a tetragonal 
crystal structure. BET surface area measurements (Table 3) 
confirm that nano-particulate Fe2O3 possesses a greater 
surface area than micron-sized Fe2O3 at 37.367 m2/g (vs. 
20.384 m2/g for micron Fe2O3). Goethite has a surface area 
of 29.860 m2/g, and Fe2O3 wires exhibit a significantly 
greater surface area value of 90.130 m2/g.

The size and morphology of the Fe2O3 species can be 
seen with SEM (Fig. 2). Both micron- and nano-partic-
ulate Fe2O3 are aggregated, but with sizes of 2 µm and 
10 nm (Table 3). Goethite crystals have an elongated rod-
like structure with lengths of 2 µm, and Fe2O3 wires were 
5 µm in length. Although the reduction potential of CO2/
HCOOH is above the conduction band TiO2 and Fe2O3 
(Supplementary Information S2), previous work has dem-
onstrated that TiO2 can reduce CO2 easily (references). 
Cyclic voltammetry was used to place band gap values on 

an absolute NHE scale. Since an Ag/AgCl reference elec-
trode was used, Eq. (3) makes the conversion to normal 
hydrogen electrode (NHE) values [37]. CV (Supplementary 
Information S3) confirms that the band gap of Fe2O3 is 
2.31 eV (Table 1), which is in accordance to the reported 
value of 2.32 eV.

Absorbance spectra is obtained using DRS (Fig.  3). 
Micron- and nano-Fe2O3 structures exhibit an absorption 
band edge near 575 and 500 nm, respectively. For goethite 
and Fe2O3 wires, the absorption band edge occurred near 
450 and 550 nm, respectively. The absorbance plot of DRS 
and subsequent conversion to Kubelka–Munk plot (Fig. 4) 
can also be used to obtain band gap energies. From DRS, it 
was determined that the band gap of all Fe2O3 structures are 
approximately 2.1 eV.

With the particles fully characterized, photo-experiments 
were conducted to test for formate production. Based on 

(3)E(NHE) = E(Ag∕AgCl) + 0.197 V
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Fig. 3   Diffuse reflectance spectroscopy of micron- and nano-particulate Fe2O3 (top), goethite and Fe2O3 wires (bottom)
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previous studies, it was found that formate production is 
pH dependent. At a pH of 8.5, HCO3

− is the predominant 
species present, and is therefore expected to be the spe-
cies undergoing reduction [35]. Figure 5 presents the for-
mate production in ppm and productivity in units of mmol 

formate/g cat-h for micron- and nano-particulate Fe2O3 in 
two hole scavengers 2-propanol and glycerol. It can be seen 
that nano-particulate Fe2O3 yielded a higher formate produc-
tion than micron-sized Fe2O3, with respective productivities 
of 0.034 and 0.033 mmol formate/g cat-h in IPA, and 1.29 
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Fig. 4   Kubelka–Munk treated plots of micron- and nano-particulate Fe2O3 (top), goethite and Fe2O3 wires (bottom)
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Fig. 5   Formate production in ppm (left) and productivity (right) with micron- and nano-particulate Fe2O3 in IPA and glycerol



607Topics in Catalysis (2018) 61:601–609	

1 3

and 0.72 mmol formate/g cat-h in glycerol (Table 2). Fig-
ure 6 presents the production and productivities of goethite, 
which exhibits similar productivities as micron- and nano-
Fe2O3 exhibiting slightly higher productivity. Fe2O3 wires 
have the highest productivity of 2.79 mmol formate/g cat-h 
in glycerol, respectively.

To the best of our knowledge these rates represent the 
highest production levels reported for bicarbonate con-
version to formate using Fe2O3 as a photocatalyst. With 
(Fe2O3)* as the photoexcited semiconductor, the pro-
posed redox mechanism of Fe2O3 semiconductor photo-
catalysis is shown in Fig. 7 and Scheme 1. After photoex-
citation and the photogeneration of electrons and holes, 
subsequent reduction of HCO3

− to HCO3
2− and finally to 

HCO2
− takes place. The other half reaction takes place 

when 2-propanol scavenges photo-generated holes and 
undergoes oxidation to acetone. With the scavenging of 
photo-generated holes, this process prolongs charge sepa-
ration, allowing efficient reduction to take place. To fur-
ther demonstrate the importance of a hole scavenger, we 
performed a control experiment without a hole scavenger 
(Supplementary Information S4). Without the presence 

of a hole scavenger, formate production does not exceed 
2 ppm. This result demonstrates the rapid recombina-
tion of charge carriers occurs without a hole scavenger 
to react with the photo-generated holes. The reduction/
oxidation potentials of IPA and glycerol are very simi-
lar (IPA 0.80 V and glycerol 0.79 V), so the differences 
in their efficiencies cannot be explained by their redox 
potentials alone. Glycerol possesses one secondary and 
two primary alcohol groups, all of which are potential 
sites for oxidation. More primary alcohol groups also 
allow for more efficient C–H hole scavenging. Lastly, 
glycerol adsorbs better on the surface of Fe2O3, which 
can stabilize the semiconductor in aqueous solution [35]. 
Based on these reasons, we believe the greater number 
of alcohol groups in glycerol makes it a superior hole 
scavenger and therefore results in higher productivities 
of formate.

Formate production can be quantified in terms of 
AQE, calculated by Eqs. (1) and (2). As listed in Table 3 
the AQEs are extremely low (< 0.1%) when 2-propanol 
is used as a hole scavenger. In glycerol, micron- and 
nano-particulate Fe2O3 have AQE of 1.45 and 2.57%, 
respectively. Goethite has a slightly higher AQE of 
1.83%, and Fe2O3 wires have the highest efficiency of 
5.59%. These efficiencies are then compared to com-
mercial TiO2, which has an AQE of 1.83% (Supplemen-
tary Information S5). This finding is an important one 
because TiO2 is the benchmark photocatalyst and there-
fore highlights a low-cost, earth-abundant, and non-toxic 
alternative that can achieve higher quantum yields. We 
emphasize the main reason for the Fe2O3 nanowires to 
produce such a high yield of formate is its significantly 
higher surface area of 90.130 m2/g. A greater surface 
area would allow for the better adsorption of bicarbonate 

Table 2   Productivity (mmol formate/g cat-h) of all Fe2O3 morpholo-
gies in IPA and glycerol

All reported values are from triplicate measurements

Particle population Productivity in IPA 
(mmol formate/g 
cat-h)

Productivity in glycerol 
(mmol formate/g cat-h)

Fe2O3 micron 0.033 ± 0.001 0.72 ± 0.05
Fe2O3 nano 0.034 ± 0.003 1.29 ± 0.11
Goethite 0.042 ± 0.001 0.93 ± 0.02
Fe2O3 wires 0.034 ± 0.001 2.79 ± 0.14
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Fig. 6   Formate production in ppm (left) and productivity (right) with goethite and Fe2O3 wires in IPA and glycerol
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and glycerol, leading to higher formate productivity. In 
addition, recombination of photogenerated charge car-
riers are suppressed due to the intrinsic properties of 
the nanowires. Fe2O3 has short hole diffusion lengths 
of 2–4 nm, and by constructing one-dimensional Fe2O3 
wires, recombination can be delayed, resulting in a high 
yield of formate. Even though the wires exhibited high 
catalytic efficiency, ~ 95% loss can be attributed to the 
rapid recombination of photogenerated electron/hole 
pairs, scattering by the catalyst, hydrogen evolution 
reaction, and loss of heat.

4 � Conclusion

In summary, Fe2O3 with different morphologies were 
synthesized and tested for their catalytic efficiency in the 
photoreduction of bicarbonate to formate. By exploring 
the morphology of the semiconductor, we demonstrate that 
formate production can be greatly increased relative to 
amorphous systems. One-dimensional Fe2O3 wires allow 
for more efficient photo-generated electron/hole separa-
tion, thus resulting in higher photocatalytic activity than 
the zero-dimensional particles. From the results of this 
study, Fe2O3 bodes well as an earth-abundant, non-toxic, 
and low-cost semiconductor that possessed higher pho-
tocatalytic activity than commercial TiO2. In addition, 
we highlight glycerol as a green solvent hole scavenger 
that boosts photocatalytic efficiency by prolonging charge 
separation. Future work includes using Fe2O3 as a dopant 
for other semiconductors such as ZnO and TiO2, and using 
transient absorption spectroscopy to study charge carrier 
dynamics. This study portends for fuel production using 
solar energy and by its regenerative chemical nature should 
contribute to the increasing important research portfolio 
necessary towards promoting NETs.
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Fig. 7   Proposed mechanism of photocatalytic bicarbonate reduction 
by Fe2O3

Illumination:

Oxidation: 

Reduction: 

Scheme 1   Proposed mechanism

Table 3   Summary of 
semiconductor characterization 
and apparent quantum efficiency 
of all Fe2O3 morphologies

All reported values are from triplicate measurements

Particle population Crystal type Diameter 
(µm or nm)

Surface 
area 
(m2/g)

AQE in IPA (%) AQE in glycerol (%)

Fe2O3 micron Rhombohedral 2 µm 20.384 0.065 ± 0.001 1.45 ± 0.09
Fe2O3 nano Tetragonal 10 nm 37.367 0.069 ± 0.005 2.57 ± 0.2
Goethite Orthorhombic 2 µm 29.860 0.084 ± 0.02 1.83 ± 0.2
Fe2O3 wires Rhombohedral 5 µm 90.130 0.068 ± 0.002 5.59 ± 0.2
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